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1NTROI)[JCTION

In Lagrangian codes the Lagrangia:l mesh moves with the material

velocity resulting in no need for the calculation of advection terms. Hate-
rial boundaries remain on grid lines and the grid apann only the part of the
space which is covered by the materials. These featurea make I,agrangian
codes computationally much more efficient especially for multi-material cal-
culations, However, aa the grid distorte, both the accuracy and the effi-
ciency of a Lagrangian calculation quickly deterloratea. Discrete or con-
tin~]ous rezoning is used to limit the grid distortion and keep the material
boundaries smooth relative to typical cell dimensions. At matarlal inter-.
faces tl)e tangential component of the material velocity may be dlscontlnu-
Ous. Thus the grid may not remain continuous and a allde line tr~atmerlt is
needed to correctly handle the problem. Further, if different boundaries 01
different p~ita of a boundary, come into contact during the calculation, a

sliding-impacting boundary calculation has to be performed to take Into

account the !nteractlon of ~wo separate grid reglonn. Apart from the codln}:
complications which may aeon hccome overwhelming, these techniques fall ns
soon as the material boundaries and interfacca become strongly dlatorted.

Eulerian codes, on the other hand, have coordinates that remain fixed

in space. Thus Eulcrlan codes are heat suited to dealing with prohlcms pro-
ducing large mater[al dcformatlona. Ilowever, in Eulerian coordinates one

needs to compute the material advectlon thro~gh the mesh. Apnrt from the

computational effort required, stability considerations require thnt thcfio
ndvcctlon terms ndd at least some numerical diffualon and this mny lead tu
acvcre amenrln~ of th- physlcnl gradients present in the calculntLrms. AII-
othcr d(sadvantnge O: aq I!ularian calculation la t!le need to cover, with lIIC
coml)(ltntfollnl” gcl[l, nny part Of th~ IIpnCC WIIICII m~y be rancl,e[! by Lhc mnLu-

rlal durlnl; ~hc calculation. Togeth@r with the fmct thnt in an ltulerlnn

cell nevcral mmterlaln mny be pr@sent at the anme time, this causca IIulcrlnli
code.Y to rcqulrc much more computer memory to aolvc a Riven prul)lern tlmil
I,np,rnlip,l.nn co(lcn, espcclnlly, if during n cnlculatlon, m th]ll Inycr ot’ mntt*-

rinl nhould trnvel. a dlatnncc mnny tlmcs lts thlckncas. The malu llmltntlon
II! KIIlrrImI CIIIICS, Imw:vor, nrtses fcwn tlIa~ illLflculty of a(lequn~aly trnck-

IIII! IIIC l)o\lullnrlrM nlld Lntdrfnccn. As n romult 01 tl)c nhovc dlfllcultl@M,

slIr.ccfInful numcrlcnl mlmulntl.one of prohlcrns which involve lnr~a mntcrlnl



deformations and impact of several materials mhy require a proper combina-

tion of Lagrangian and Euler Ian techniques.

One method is to begin the calculation in a Lagrangian code and when
the grid becomes sufficiently distorted to change, by a discrete rezoning,

to an Eulerian code [1]. Ir the Coupled Eulerian Lagrangian technique

(c.E.L.)[l,z,sI a special interface routine enables the interaction of
Eulerian and Lagrangian regions. Apart from the complicated interfhce
treatment, this method would fail if the Lagrangian regions should undergo
large material deformations. An attractive alternative would be the use of
convected coordinates [4,6].

In the original Arbitrary Lagrangain Eulerian (ALE) method [6,7,8] the
grid motion could be arbitrarily specified but the material interfaces and
boundaries had to be kept on grid lines. In the Eulerian limit the code
would work only for one material application and this technique was thus
equivalent to the continuous rezoning of a Lagrangian calculation. We shall
call this an almost Lagrangian calculation. In a previous effort [4,5] we

were able to remove some of the above restrictions. In the code LGTD free
surfaces could cut the grid in an arbitrary way. We called this an almost

Eulerian calculation. The method was applied to the numerical simulation of
high speed Jet penetration of layered targets. In those calculations the
jet was simulated in an almost Eulerian grid, and the target ;/as modeled in

an almost Lagranglan way. Even a particulate Jet [5] could be eaaily taken
lr,to account. However, the calculation failed as soon as the layers in the
target were perforated by the Jet.

In the present investigation we present a new, multimaterial, arbit.ary
Lagrangian-Eulerian code MMALE. It is a generalization of the code SALE [7]
and it works in convected coordinates. As with Yaqul, [6,8] SALE [7] or

I,cTI) [4,5] wq may prescribe the grid motion in any arbitrary way. However,
in MMAI.E both the freo surfaces and the material lnterfacea can cut the grid
llnc.s. Thos, if we ktiap the grid fixed in apace, we get an Eulerlan
m~llllmntcritil code, which will work in general coordinates, as a special
case. Ilowcver, even in the limlt of a Cartesian-EuLerian grid, the code, as

we shall describe it in chapter 2, has some endearing features.

By looking at the value of the relative partial volumes of different

materials in nctghboring cells we maintain a unique picture of the bo,~ndary
llnus cutting through the cell, thus reducing any interdiffuslon of material
propcrticam Erich mater’~1 in a mlxecl cell retains lta velocity component so

that alldln~ ~t interfaces should be correctly treated. When a given mate-

rial flows out of a cell, wc dynamically reallocate the released memory

space, so that we csaentlal ly do not have to llmit the number of m[lterials

lntcractlng in a given region.

Tn contrant to pure F,ulerinn codes, we alao tak ? advanta~,a of the

freedom of prc~crlhing the grid motion. Thus we may pass, in n continuous

firl(l. from an nlmoat I!uleriam to nn almost IJngranglan .’alculntitlll while nlso

rtotluclll~ tile -.livcct.ion Lorm [5].

In the current work we apply the code MtlA1.E to numerically aimulntc tllc
pcnctrhtlon of n lilgh npce(l co~per Jet Into a metnl-cxplo9 i\’e-metnl

Snnllwicll. ‘1”1]0 nllnlcr~cal n~mulntl.on of the rcnctlvc flow indl~ca(l in the rx-
l)lo81vfI IIBC3 lllc I;orcst Flrc mu(lrl [9,101. l~otll normnl nnd 45’) ul)]l(lur

lm~)nct wctr connt(!oro(l.



[9,10] for reactive flow and a multimaterial treatment. Thus, as in SALE,

the Lagrangian step includes an implicit phase for low speed or almoat in-
compressible flows. However, in the current application to high apetd jet

impact and penetration only the explicit phase waa used. The treatment of

elastic plastic flow uses the method of Uilkina [11] and our implementetioc

is as in LGTD and LGID [12,13].

The Lagrangian Phase

In !IHALE, different materials may share a given cell or a given vertex
control volume. Thus, letll, D, V, e, p, and S be cell mass, density,

volume, specific internal energy, pressure and deviatoric sttesa defined
over a cell, and let m ,;,; be the --ertex mass acceleration and velocity.
We sha.1 denote, Iwith ndex k the respective ?artldl valuea for a material k

in a cell or at a vertex. For each material we retain w(k) = V(k)/V vhlctl
is the relative partial volume occupied by k in a celi hnd we compute wv(kl
which is the relative partial volume occupied by k in the vertex control

volume .

We assume that for a given pressure gradient, ●ach material k has ac-
celeration proportional to the inverse of its denaicy subject to the limita-

tion of a ccm,mcn normal interface velocity and acceleration. The latter
condition should prevent interpenetration of materials and allow for che

correct sliding at an interface. The vertex total velocity 1s, according to
m~mentum conservation, a mass weighted average of the specific velocities.

The velocities determine the new cell volume. The relative partial volumes
w(”k) may change during the Lagrangian phase to equilibrate, on a physical

time scale, the partial pretisures in a cell.

We alsc allow for void opening under cenaion and void closure. voids
are taken into account as w = Ew(k) (V, and we assume that under tension, if

a failure criterion wao met, any further volume increaae wtll increase the
void volutne, thus decreasing w. Thc energy ::,”lation is then applied to eac
material k separately. The material model then ylalcls, for ●ach k, a new
value of the partial pressure P(kl and stress S(k). The cell total pressure
and stress deviator will be volume weighted averages of the partia: values.

Thus, P = }u(k~P(k) and S = lw(k)Sfkj and these will be ueed to compute tlic

ne% vertex accelerations.

The Advectiofi Phnse— —.

AS in 1.CTll [G,5] wa assume that the part of the boundary cuttin~ a
given cell 1s a atralght llne normal to ‘~w(k). Ilovcver, hers we may have
more than blie muterlal in a call, and we proceed in tile drder of decren9in);
Ul”kjm Thus given w(k) and ‘~w(k) over a given polygon, we epecify a unl.lue

strnl~ht llr.e cutting thnt poly~on. Thll~ t!le polygon i,ot cuvere.1 lJy tic mil-
tcrlal k ia nnw defined, and from the ‘._aLue of w(k) and ‘Jw(k) for the llr~t
.matcrlal k, the riext boun.~ary line c,lttlng the cell is determlnc~l. ‘~ee
tlg. 1. Ve advance, In tima, tt.e polygon covered by the material k, wittl
tli~ partlnl mnterlal velocltle@, ;(k). The overlap of thin poly~on wltt] tilt.
.Icw grjll ,Ictermineg the outflow flux volumca to the neight)orlng cells. i.fith
tile conill~lol~ tlln~ no ~ncreaae in ]oca”. ~rgdients is due to tllC llilV@Ctlr)ll

Crrmg, we ~lcrcrmlnc the flt!x v,ol~lrnt= c.~ncere{! dennlt~an by n volilm. e wei,:l fc~l

Ilnrnr lntcr,,olatlon. Tllua, we work with oacolld ordgr advectio!l Wllrrevpl

t!ilm Iq pcr~rllllad hy StAhLllty.
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F4gure 1. A typical computational cell shcwing the ralativa partial
volumes of two materials and their gradients.

Re9ultg and Conclusions

First, we consider the impact of a copper rod, 30 mm long and 4 mm in
diameter movi,~g at L mm/us, upon a ;X6X(J mm, steel- Composition B- steel

9andwich. FGr the caae of normal impact, we run the code in an axlsymmetric
mode. tie chose a cartesian EUlerian grid near the Jet axis with a cell eize
of ~.5 mm. AS we moved away from the axis we increa~ed the size of the

radial divisions passing gradually to an almost Lagrangian grid. In Fig. 2
we see tll~ isobars and the material interfaces at time.g of 5 and 7.5 us

respectively. We see the buildup to detonation, followed by the

I

I

\, ‘,\
II

rnmllnlly olllwnr.! propnEat!on of the [Ietonntlon front along the eqplonlvr

WI (II aLLAClIC.! ohllque ,qIlock wnves ~cncrntm[! in th? steel Lavern. An

lntercntlrl~ I,llcnomenmn oc.currclt ln the cnlclllntlon near 7.5 115, f19 n

rrt,lilnt[,~ll wrLvc hw?llt (,nck tOWILrd t!~e /Lxl!l , resulting in the cornple~e
!~llr!l!ll~: .,f II,r [.nrLlnlly rpnctr[l expl,)mlve rrmnlnln~ there. We Ilotlcc tllnt
1110 llrr~fiurv lndIICell in tlIc first mrtnl layer, caused n 81gnlticnnL .Iecrennr

!!1 Illr .llnln~trr of tllr !101C cr~nto(l I,v Illr pcnctL-nllll~ l@t.



For the case of 45° oblique impact, wa considerd a “sheet’” Jet and we
ran the calculation in ● plane symmetric mods. In this case thm original
grid was not orthogonal eIe the grid llnee were parallel respectively to the
Jet and to the interfaces in the target. In Fig. 3 one can eee the presaurc
field at times of 2 and 6 us. In this came the lower part of

Figure 3. Oblique (45°) impact, Times are 2 and b 1.19. Peak pres9ures

(H in the figure) are 30 Gpa. Low pressure regiont (L in the Figure) are
essentially O. Note the Jet erosion at 6 PO caused by projection of steel

into the Jet’s path.

the first steel layer was projected, by the detonation wave, toward the

incoming Jet. At first this caused a perturbation to grow in the jet.

Later, the upper part of the second steel layer was also prnjected toward

Lhe Jet axis. Thus, the penetration capability of any subsequent Jet

segment will be greatly reduced. The examplee show the versatility of the
current method. Obviously the advantage of our approaci~ over a pure
Eulerian or Lagrangian calculation depends on the specific application nnd
on the appropriate choice of the grid motion.
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